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Reinforced soil foundations (RSFs) have been employed in engineering practice to increase the soil bearing capacity and to reduce the potential
footing settlement. The aim of this study is to develop analytical solutions for estimating the ultimate bearing capacity of strip footings on RSFs.
A general failure mode for RSFs was ﬁrst proposed based on previous studies conducted by the authors and test results from literature study.
A limit equilibrium stability analysis of RSFs was performed based on the proposed failure mechanism. New bearing capacity formulas, which
consider both the conﬁnement and the membrane effects of reinforcements on the increase in ultimate bearing capacity, were then developed for
strip footings on RSFs. Several special cases of RSFs were presented and discussed. The proposed model was veriﬁed by the experimental data
reported in the published literature. The predicted ultimate bearing capacity was in good agreement with the results of model tests reported in the
literature. The study showed that the depth of the punching shear failure zone (DP) depends on the relative strength of the reinforced soil layer
and the underlying unreinforced soil layer, and is directly related to the reinforced ratio (Rr).
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The use of reinforced soils to support shallow foundations
has recently received considerable attention. The beneﬁts of
including reinforcements in the soil mass to increase the
bearing capacity and to reduce the settlement of the soil
foundation have been widely recognized. However, the devel-
opment of a rational design method and a theory for reinforced
soil foundations (RSFs) is lagging in comparison to RSF
applications. These restrictions, on the other hand, inhibit the
further development of reinforcement technology. Therefore, it0.1016/j.sandf.2014.12.006
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sses: qchen1@lsu.edu (Q. Chen),
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der responsibility of The Japanese Geotechnical Society.is essential to investigate the proper failure mechanisms for
reinforced soil applications. During the past forty years, many
experimental, numerical, and analytical studies have been
performed to investigate the behavior of reinforced soil foun-
dations (RSFs) for different soil types (e.g., Abu-Farsakh et al.,
2008, 2013; Adams and Collin, 1997; Binquet and Lee, 1975a,
1975b; Chakraborty and Kumar, 2014; Chen et al., 2007,
2009; Demir et al., 2013; Huang and Tatsuoka, 1990; Kurian
et al., 1997; Sharma et al., 2009).
The ﬁrst experimental study reported in literature was conducted
by Binquet and Lee (1975a) to evaluate the bearing capacity of
sand reinforced by aluminum foil strips. Since then, several
experimental studies have been conducted to evaluate the bearing
capacity of footings on reinforced sandy soil (e.g., Abu-Farsakh
et al., 2013; Adams and Collin, 1997; Akinmusuru and
Akinbolade, 1981; Fragaszy and Lawton, 1984; Gabr et al.,Elsevier B.V. All rights reserved.
List of symbols
B width of footing
u top layer spacing, i.e., spacing between top layer
of reinforcement and bottom of footing
h vertical spacing between reinforcement layers
l length of reinforcement
d total depth of reinforcement¼uþ (N1)h.
N number of reinforcement layers
Np number of reinforcement layers located in punch-
ing shear failure zone
NT number of reinforcement layers located above
point c
T tensile force in reinforcement
DP depth of punching shear failure zone
qu(R) ultimate bearing capacity of reinforced soil
foundation
qu(R)1 ultimate bearing capacity of punching shear
failure zone
qu(R)2 ultimate bearing capacity of underlying general
shear failure zone
Pp1 total passive earth pressure on vertical punching
failure surfaces aa0 and bb0
δ mobilized friction angle along vertical punching
failure surfaces aa0 and bb0
Ca adhesive force acting on vertical punching failure
surfaces aa0 and bb0,¼caDP
ca unit adhesion of soil along vertical punching
failure surfaces aa0 and bb0,
T1 tensile force acting on vertical punching failure
surfaces aa0 and bb0
α angle of tensile force T1 to horizontal
T1x horizontal component of tensile force T1
T1y vertical component of tensile force T1
γ unit weight of soil
Df embedment depth of footing
KpH horizontal component of passive earth pressure
coefﬁcient
Ks punching shear coefﬁcient
ϕ friction angle of soil
Pp2 passive force acting on faces ac and bc
C cohesive force C acting on faces ac and bc
T2L, T2 tensile force acting on faces ac and bc
Ppc passive force due to cohesion c,
Ppq passive force due to surcharge q
Ppγ, passive force due to weight of soil γ
c cohesion of soil
q surcharge load
PpT passive force due to tensile force of reinforcement
T2L
ξ angle of tensile force T2L to horizontal
T2Lx, T2xhorizontal component of tensile force T2L
T2Ly vertical component of tensile force T2L
T2R tensile force acting on face gd
η angle of tensile force T2R to horizontal
T2RX horizontal component of tensile force T2R
T2Ry vertical component of tensile force T2R
F resisting force along log spiral cd
r length of radial line of log spiral cd,¼r0eθtanϕ
r0 length of bc
θ angle between line bc and radial line of log spiral
curve cd
XTR distance from center of footing to point where
tensile force T2R is applied
qu(UR) ultimate bearing capacity of unreinforced soil in
general shear failure zone
Nc, Nq, and Nγ bearing capacity factors
β angle between σ1 direction and bedding plane
ϕdesign design friction angle of soil
ϕpeak peak friction angle of soil
ϕcv residual design friction angle of soil
χ percent of contribution of failure surfaces con-
trolled by soil’s peak friction angle
Rr reinforced ratio
ER elastic modulus of reinforcement¼J/tR
J tensile modulus of reinforcement
AR area of reinforcement per unit width¼NtR 1
tR thickness of reinforcement
Es modulus of elasticity of soil
As area of reinforced soil per unit width¼d 1
Q. Chen, M. Abu-Farsakh / Soils and Foundations 55 (2015) 74–85 751998; Guido et al., 1986; Huang and Tatsuoka, 1990; Latha and
Somwanshi, 2009; Lavasan and Ghazavi, 2012; Omar et al. 1993a,
1993b; Yetimoglu et al. 1994), clayey soil (e.g., Abu-Farsakh
et al., 2008; Chen et al., 2007; Chen and Abu-Farsakh, 2011; Das
et al., 1994; Ingold and Miller, 1982; Mandal and Sah, 1992;
Ramaswamy and Purushothaman (1992); Sakti and Das, 1987;
Shin et al., 1993), aggregate (e.g., Chen et al., 2009; DeMerchant
et al., 2002; James and Raymond, 2002), and pond ash (e.g., Bera
et al., 2005; Ghosh et al., 2005). The aim of many of these research
efforts was to investigate the parameters and variables that would
contribute to the value of the bearing capacity ratio (BCR), which
is deﬁned as the ratio of the bearing capacity of the RSF to that of
the unreinforced soil foundation. The results of the experimental
studies showed that the bearing capacity of soil was improvedwhen it was reinforced by reinforcements and that the amount of
improvement was highly dependent on the layout of the reinforce-
ments. Better improvements were obtained when the reinforce-
ments were placed within a certain depth (or inﬂuence depth)
beyond which no additional signiﬁcant improvement occurred. In
other words, the BCR value would approach a constant/limiting
value with an increasing number of reinforcement layers.
From the experimental studies reported in the literature, two
fundamental reinforcement mechanisms can be distinguished
as contributing to the increase in bearing capacity of reinforced
soil foundations (RSFs).(1) Conﬁnement effect or lateral restraint effect: With the
applied load, the lateral forces are induced and the soil
Q. Chen, M. Abu-Farsakh / Soils and Foundations 55 (2015) 74–8576particles are spread. Due to the relative displacement
between the soil and the reinforcements, frictional interac-
tion is induced at the soil-reinforcement interface. For
geogrid reinforcements, the interlocking can be developed
by the interaction of the soil and the geogrid. Conse-
quently, lateral deformation or potential tensile strain of the
reinforced soil is restrained. As a result, the vertical
deformation of the soil is reduced. Since soils are stress-
dependent, improved lateral conﬁnement increases the
compressive strength of the soil, and thus, improves the
bearing capacity of the reinforced soil.(2) Membrane effect: With the applied load, the soil beneath
the footing moves downward; the reinforcement is then
deformed and tensioned. The deformed reinforcement
develops an upward force that supports part of the applied
load. A certain amount of settlement is generally required
to signiﬁcantly mobilize the tensioned membrane effect,
and the reinforcement should have enough length and
tensile strength to prevent it from failing by pull out and
rupture.Several researchers have presented analytical models for esti-
mating the ultimate bearing capacity of RSFs based on either the
conﬁnement effect (e.g., Huang and Tatsuoka, 1990; Michalowski,
2004) or the membrane effect (e.g., Binquet and Lee, 1975b;
Kumar and Saran, 2003; Wayne et al., 1998). With these two
fundamental reinforcing mechanisms, the “deep footing” effect can
be formed under certain conditions. Here, the “deep footing” effect
means that the performance of footings on a reinforced soil
foundation is very similar to that of footings on an unreinforced
soil foundation with an additional embedment depth equal to the
depth of the reinforced zone. This effect was ﬁrst proposed by
Schlosser et al., (1983). Huang and Menq (1997) employed this
effect to derive the ultimate bearing capacity formulas for
reinforced sand. This effect is also considered in Wayne et al.’
(1998) solution. With an increase in the number of reinforcement
layers, the “deep footing” effect leads to an almost linear increase
in the bearing capacity ratio (BCR), and convergence cannot be
obtained (i.e., the BCR value does not approach a constant/limiting
value with an increasing number of reinforcement layers). This
poses a big problem, especially in granular soil with a high friction
angle. The authors made great efforts to develop analytical
solutions to overcome this problem (Chen et al., 2009; Sharma
et al., 2009). However, the developed analytical solutions were
only applied to square footings and took different forms for
different soil types. Also, only a single reinforcement mechanism
(either conﬁnement effect or membrane effect) was considered in
those analytical solutions.
Therefore, this study will focus on strip footings on RSFs by
considering the two reinforcement mechanisms (i.e., conﬁne-
ment effect and membrane effect) together. A general failure
mechanism of RSFs is ﬁrstly proposed. The limit equilibrium
stability analysis for RSFs, based on the proposed failure
mechanism, is then performed as an attempt to develop a
rational uniﬁed analytical model for evaluating the ultimate
bearing capacity of strip footings on RSFs. Finally, thedeveloped analytical solution is veriﬁed through the results
of model tests reported in the literature.
2. Failure modes of reinforced soil foundations
As mentioned earlier, reinforcements can restrain the lateral
deformation or the potential tensile strain of the soil (conﬁne-
ment effect). In addition, deformed reinforcements can develop
an upward force (membrane effect). These effects will result in
an increase in the bearing capacity of the RSF.
Three potential failure modes of RSFs are shown in Fig. 1.
The ﬁrst two failure modes, failure above the top layer of the
reinforcement (Binquet and Lee, 1975b) (Fig. 1a) and failure
between the reinforcement layers (Wayne et al., 1998)
(Fig. 1b), can be avoided by keeping the top layer spacing
(u) and the vertical spacing between the reinforcement layers
(h) within an acceptable/reasonable range.
Based on previous studies by Chen (2007), Chen et al. (2009),
Sharma et al. (2009), the third failure mechanism, i.e., a general
failure mechanism of RSFs, is identiﬁed as a punching shear failure
followed by a general shear failure (Fig. 1c). The value of
punching shear failure depth Dp depends on the relative strength
between the reinforced zone and the underlying unreinforced zone.
It can be zero (i.e., Dp¼0) if the strength of the reinforced zone is
slightly larger than that of the underlying unreinforced zone, or if
the reinforcement depth ratio (d/B) is relatively large. It also can
punch all the way through the reinforced zone (i.e., Dp¼d) if the
strength of the reinforced zone is much larger than that of the
underlying unreinforced zone and the reinforcement depth ratio (d/
B) is relatively small.
3. Limit equilibrium analysis of reinforced soil foundations
First, we will consider the strip footing case with two layers of
reinforcement. One layer is located in the punching shear failure
zone at a depth of u, and the other layer is located in the general
shear failure zone at a depth of uþh. The failure surface in the soil
for the strip footing at the ultimate load is shown in Fig. 1c. The
ultimate bearing capacity of the RSF includes the contribution of
punching shear failure zone a0abb0, qu(R)1, and an underlying
general shear failure zone, qu(R)2, i.e., qu(R)¼qu(R)1þqu(R)2.
Let’s consider the soil block a0abb0 in the punching shear
failure zone, as shown in Fig. 2. The forces on the vertical
punching failure surfaces, aa0 and bb0, include total passive
earth pressure Pp1, inclined at an average angle δ, and adhesive
force Ca¼caDP, acting upwards (Meyerhof and Hanna, 1978),
where ca is the unit adhesion of the soil along two sides and DP
is the depth of the punching shear failure in the reinforced
zone. With the inclusion of the reinforcement, an upward force
will be induced by the tension effect of the reinforcement
along the failure surfaces. At the ultimate load, the reinforce-
ment will deform. The tensile force at the vertical failure
surface, T1, is assumed to have an angle of α in the horizontal
direction. This force can be decomposed into two components:
horizontal component T1x, which provides the conﬁnement
effect, and vertical component T1y, which provides the tensile
membrane effect.
qCa
Pp1
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qu(R)1
q
T1
T1x
T1y
Fig. 2. Free body diagram of soil block a0abb0.
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Fig. 1. Failure modes of reinforced soil foundation,
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the vertical direction, the contribution of the punching shear
failure zone can be evaluated as
quðRÞ1 ¼
2caDP
B
þγDP2 1þ 2DfDP
 
KpH tan δ
B
þ 2T1x tan δ
B
þ 2T1y
B
γDP
ð1Þ
Let
KpH tan δ¼ Ks tan ϕ ð2Þ
then,
quðRÞ1 ¼
2caDP
B
þγD2P 1þ
2Df
DP
 
Ks tan ϕ
B
þ 2T1x tan δ
B
þ 2T1y
B
γDP ð3Þ
where B is the footing width, γ is the unit weight of the soil, Df
is the embedment depth of the footing, KpH is the horizontalcomponent of the passive earth pressure coefﬁcient, Ks is the
punching shear coefﬁcient, which depends on the friction angle
of the soil in the reinforced zone and the ultimate bearing
capacity of the soil in both the reinforced zone and the
underlying unreinforced zone, ϕ is the friction angle of the
Q. Chen, M. Abu-Farsakh / Soils and Foundations 55 (2015) 74–8578soil, and δ is the mobilized friction angle along two sides, aa0
and bb0. Since the strip footings studied in this paper sit on a
uniform soil layer, ca, δ, and Ks are equal to c, ϕ, and Kp,
respectively. Punching shear coefﬁcient Ks can then be easily
determined with the passive earth pressure coefﬁcient chart
proposed by Caquot and Kerisel (1948) and given in Fig. 3.
The contribution of the general shear failure zone to the
ultimate bearing capacity of the RSF can be obtained by
solving the equivalent regular case of a general shear failure
problem in soil, as shown in Fig. 4a. In the ﬁgure, q0 is equal to
γ(DfþDP).
Considering soil wedge abc (Fig. 4b), the forces acting on
faces ac and bc include passive force Pp2, cohesive force C,
and tensile force T2L, which provide the beneﬁt of the tension
membrane effect of the reinforcement. Passive force Pp2
includes four components and can be written as follows:
Pp2 ¼ PpcþPpqþPpγþPpT ð4Þ
where Ppc, Ppq, Ppγ, and PpT are the passive forces due to
cohesion (c), surcharge (q), weight of the soil (γ), and the
tensile force of the reinforcement (T), respectively. PpT can be
attributed to the conﬁnement effect of the reinforcement.
The derivation of C, Ppc, Ppq, and Ppγ can be found in many
foundation engineering books (e.g., Das, 1999). Therefore, the
discussion here will be focused on the derivation of PpT only.
Considering the free body diagram of soil wedge bcdg,
shown in Fig. 4c, the forces per unit length of wedge bcdg, dueFig. 3. Coefﬁcients of punching shear resistance under vertical load (after
Meyerhof and Hanna, 1978), (a) equivalence of general shear failure zone, (b)
Free body diagram of soil wedge abc, (c) free body diagram of soil wedge
bcdg.to the tensile force of reinforcement T, include PpT, the tensile
forces of the reinforcement, T2L and T2R, and the resisting force
along log spiral cd, F. Tensile force T2L is assumed to have an
angle of ξ in the horizontal direction and can be decomposed
into two components: the horizontal component, T2Lx, and the
component along line bc, T2Ly, as shown in Fig. 4c. Tensile
force T2R is assumed to have an angle of η in the horizontal
direction and can also be decomposed into two components:
horizontal component T2Rx and vertical component T2Ry, as
shown in Fig. 4c.
Log spiral cd is described by the equation
r¼ r0eθ tan ϕ ð5Þ
where r0¼bc, and θ is the angle between line bc and the radial
line of log spiral curve cd. This means that the radial line at
any point makes an angle ϕ with the normal direction of the
log spiral. Resisting force F also makes an angle ϕ with the
normal direction of the log spiral. Taking the moment about
center point b of the log spiral curve, passive force PpT can be
given by the following relation (moment equilibrium):
PpT ¼
4 T2LxT2Rxð Þ uþhDPð ÞþT2Ry XTRB=2
  
cos π=4þϕ=2  1
B cos ϕ
ð6Þ
Considering the force equilibrium of soil wedge abc in the
vertical direction, as shown in Fig. 4b, bearing capacity qu(R)2
can be given by the following equation:
quðRÞ2 ¼ quðURÞ þ
2PpT sin π=4þϕ=2
 
B 1 þ
2T2L sin ξ
B
ð7Þ
quðURÞ ¼ cNcþγ Df þDP
 
Nqþ0:5γBNγ ð8Þ
where qu(UR) is the bearing capacity of the unreinforced soil in
the general shear failure zone, c is the cohesion of the soil, and
Nc, Nq, and Nγ are the bearing capacity factors, which are
dependent on the friction angle of soil ϕ.
The distance, XTR, from the center of the footing to the point
where tensile force T2R is applied is greater than 2B when soil
friction angle ϕ is greater than 251. The measured strain
distribution along the reinforcement reported in the literature
(Chen, 2007; Huang and Tatsuoka, 1990; James and
Raymond, 2002) showed that the tensile force in the reinforce-
ment at this distance is negligible or in compression. There-
fore, tensile force T2R can be taken as zero and Eq. (7) can then
be simpliﬁed as
quðRÞ2 ¼ quðURÞ þ
4T2Lx uþhDPð Þ
B2
þ T2L sin ξ
B
¼ quðURÞ þ
4T2x uþhDPð Þ
B2
þ T2 sin ξ
B
ð9Þ
where T2 is equal to T2L and T2x is equal to T2Lx.
The ultimate bearing capacity of the strip footing on
reinforced soil with two layers of reinforcement can then be
given as follows:
quðRÞ ¼ quðRÞ1þquðRÞ2 ¼ quðURÞ þΔqPþΔqt ð10Þ
ð18Þ
q'q'
u+h-D
B
qu(R)2
abc
u+h-DP
PpT
T2L T2R
B/4
F
XTR
T2R
T2Rx
T2Ry
T2L
T2Lx
T2Ly
bcdg
Ppcpc
P Ppqpq
PpTpT
P
PP
P
q u(R)2
C C
T2L2LT
Fig. 4. Diagrams of general shear failure zone.
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2caDP
B
þγDP2 1þ
2Df
DP
 
Ks tan φ
B
γDP ð11Þ
Δqt ¼
2T1x tan δþ2T1y
B
þ 4T2x uþhDPð Þ
B2
þ 2T2 sin ξ
B
ð12Þ
T1x ¼ T1 cos α; T1y ¼ T1 sin α and
T2x ¼
T2 sin π=4þϕ=2ξ
 
sin π=4þϕ=2  ð13Þ
For multi-layers of reinforcement, ultimate bearing capacity
qu(R) can be derived as
quðRÞ ¼ quðURÞþΔqPþΔqt ð14Þ
ΔqP ¼
2caDP
B
þγDP2 1þ
2Df
DP
 
Ks tan ϕ
B
γDP ð15ÞΔqt ¼ ∑
NP
i ¼ 1
2Tix tan δþ2Ti sin α
B
 
þ ∑
N
i ¼ NPþ1
4Tix uþ i1ð ÞhDP½ 
B2
 
þ ∑
NT
i ¼ NPþ1
2Ti sin ξ
B
 
ð16Þ
Tix ¼
Ti cos α irNP
Ti sin π=4þϕ=2þβ ξð Þ
sin π=4þϕ=2þβð Þ i4NP
 ð17Þ
β¼
0 uþ i1ð ÞhrDPþ B2 tan π4 þ ϕ2
 
θ uþ i1ð Þh4DPþ B2 tan π4 þ ϕ2
 
; r0eθ tan ϕ ¼ uþ i1ð Þhcos π=4ϕ=2 θð Þ

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the number of reinforcement layers located in the punching
shear failure zone, and NT is the number of reinforcement
layers located above point c in Fig. 1c. It should be noted here
that all reinforcement layers must be placed above the failure
zone, i.e., above point f in Fig. 1c, in order to contribute to
improving the performance of the soil foundation.
4. Special cases of RSFs
To determine the ultimate bearing capacity of RSFs, one
must determine the shape of the reinforcement at the ultimate
load, i.e., deﬁne the angles of α and ξ. Two special cases were
presented and discussed here: taking the reinforcement as
horizontal (conﬁnement effect only), i.e., α¼ξ¼0 and taking
the reinforcement along failure surfaces a0ac and b0bc (mem-
brane effect only), i.e., α¼π/2 and ξ¼π/4þϕ/2.
4.1. Conﬁnement effect only
If the reinforcement is assumed to take the horizontal
direction at failure, i.e., α¼ξ¼0, then
quðRÞ ¼ quðURÞþΔqPþΔqt ð19Þ
ΔqP ¼
2caDP
B
þγD2P 1þ
2Df
DP
 
Ks tan ϕ
B
γDP ð20Þ
Δqt ¼ ∑
NP
i ¼ 1
2Ti tan δ
B
 
þ ∑
N
i ¼ NP þ1
4Ti uþ i1ð ÞhDP½ 
B2
 
ð21Þ
For failure within the reinforced zone (i.e., DP¼0),
quðRÞ ¼ quðURÞþ ∑
N
i ¼ 1
4Ti uþ i1ð Þh½ 
B2
 
ð22Þ
For punching shear failure through the reinforced zone (i.e.,
DP¼d),
quðRÞ ¼ quðURÞþ
2cad
B
þγd2 1þ 2Df
d
 
Ks tan ϕ
B
γd
þ ∑
N
i ¼ 1
2Ti tan δ
B
 
ð23Þ4.2. Membrane effect only
If the reinforcement is assumed to be deformed along failure
surfaces a0ac and b0bc at failure, i.e., tensile forces tangent to
failure surfaces a0ac and b0bc, then
quðRÞ ¼ quðURÞþΔqPþΔqt ð24Þ
ΔqP ¼
2caDP
B
þγDP2 1þ
2Df
DP
 
Ks tan ϕ
B
γDP ð25Þ
Δqt ¼ ∑
NP
i ¼ 1
2Ti
B
 
þ ∑
N
i ¼ NPþ1
2Ti sin π=4þϕ=2
 
B
 
ð26ÞFor failure within the reinforced zone (i.e., DP¼0),
quðRÞ ¼ quðURÞ þ ∑
NT
i ¼ 1
2Ti sin π=4þϕ=2
 
B
 
ð27Þ
For punching shear failure through the reinforced zone (i.e.,
DP¼d) (Wayne et al., 1998),
quðRÞ ¼ quðURÞ þ
2cad
B
þγd2 1þ 2Df
d
 
Ks tan ϕ
B
γdþ ∑
N
i ¼ 1
2Ti
B
 
ð28Þ
5. Veriﬁcation of examples
The results of model tests on strip footings reported in the
literature provide valuable experimental data needed to verify/
compare the model described here. The proposed model was
veriﬁed by the work of Binquet and Lee (1975a), Khing et al.
(1993), Das et al. (1994), and Huang and Tatsuoka (1990) for
reinforced sand, and by Sakti and Das (1987) and Das et al.
(1994) for reinforced clay.
As reported by Chen (2007), for reinforcement having a
tensile modulus within the range of the geosynthetic materials
tested in his study (182–965 kN/m), if the top layer spacing, u,
and the vertical spacing, h, are kept between 0.2B and 0.4B,
failure would occur within the reinforced zone for sand (i.e.,
DP¼0) and punching shear failure through the reinforced zone
would occur in clay (i.e., DP¼d, for dr1.5B). Meanwhile,
the conﬁnement effect is the dominant reinforcing mechanism
in RSFs (Huang and Tatsuoka, 1990) because foundations are
usually designed at the service limit state (i.e., limit settle-
ment); and thus, horizontal reinforcement (i.e., α, ξ¼01) or
reinforcement at small inclination angles (i.e., α, ξr201) at
failure are considered here. As a result, in the following
veriﬁcation examples, Eq. (14) with Dp¼0 is used for the
reinforced sand [except for the work of Huang and Tatsuoka
(1990), as will be discussed later] and Eq. (14) with Dp¼d (for
dr1.5B) is used for the reinforced clay. The method proposed
by Chen (2007) is used here to estimate the reinforcement
tensile force [except for the work of Huang and Tatsuoka
(1990), in which the reinforcement tensile force was back-
calculated from the results reported in their study].
5.1. Reinforced sand
5.1.1. Binquet and Lee (1975a)
Binquet and Lee (1975a) conducted a series of model tests
to evaluate the bearing capacity of reinforced sandy soil. In
their work, the model footing was a strip footing with a width
of 76 mm (3 in). The foundation soil consisted of Ottawa No.
90 sand having an in-place density of 1500 kg/m3 and a
friction angle of 421. The reinforcement consisted of aluminum
foil strips with a width of 12.5 mm (0.5 in) and a thickness of
0.0125 mm (0.0005 in). The strength of the aluminum foil
strips at failure was 17 N (3.8 lb). The reinforcement layers
were laid out with u/B¼h/B¼0.333. Seventeen strips of
aluminum foil were uniformly distributed within 510 mm
(20 in) for each layer. Unfortunately, the detailed mechanical
1.0
1.5
2.0
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3.0
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4.0
4.5
0 1 2 3 4 5 6 7
BC
R
N
Khing et al. (1993)
Predicted
Predicted (5 deg)
Predicted (20 deg)
( = 0°)
( = 5°)
( = 20°)
Fig. 6. Comparison of measured and estimated BCR for model tests conducted
on geogrid reinforced sand by Khing et al. (1993).
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Fig. 7. Comparison of measured and estimated BCR for model tests conducted
on geogrid reinforced sand by Das et al. (1994).
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of Binquet and Lee (1975a), except for the ultimate strength.
The following properties for aluminum foil, therefore, were
obtained based on the literature search and the ultimate
strength reported. Aluminum foil is assumed to be elastic-
perfectly plastic with a Young’s modulus of 69 GPa (alumi-
num). The elastic region of the aluminum foil has strain of up
to about 0.15% and the strain at failure is about 2.5% based on
the literature data (Suzuki et al., 2009). As such, the tensile
modulus of the aluminum foil reinforcement can be estimated
as 372.4 kN/m (25,520 lb/ft) for strain less than 0.15% and
22.6 kN/m (1550 lb/ft) at failure (2.5% strain). Fig. 5 presents
a comparison between the results of the model tests conducted
by Binquet and Lee (1975a) and the predicted values from the
analytical solution. The ﬁgure shows that the match between
the values predicted by the analytical solution and the test
results is pretty good. The reinforcement inclination angle (ξ)
has the minimal effect in this case.
5.1.2. Khing et al. (1993)
Khing et al. (1993) conducted a series of model tests to
evaluate the bearing capacity of geogrid-reinforced sand. The
model footings used in their study were strip footings with a
width of 101.6 mm. The foundation soil consisted of uniform
ﬁne rounded silica sand having an in-place dry unit weight of
17.14 kN/m3 and a friction angle of 40.31. The geogrid layers
were laid out with u/B¼h/B¼0.375. The tensile modulus of
the geogrid reinforcement at 2% strain is 182 kN/m. The
results of the comparison are presented in Fig. 6. The ﬁgure
indicates that the predicted values of the proposed model with
a reinforcement inclination angle ξr51 match very well with
the results of the model tests. This suggests that the reinforce-
ment is close to the horizontal direction at failure.
5.1.3. Das et al. (1994)
Das et al. (1994) conducted an experimental study on
geogrid-reinforced sand. The model footings used in their
study were strip footings with a width of 76.2 mm. The model
tests were conducted at a relative density of 70% at which the
dry unit weight was 17.14 kN/m3 and the friction angle was1.0
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Fig. 5. Comparison of measured and estimated BCR for model tests conducted
on reinforced sand by Binquet and Lee (1975a).411. The geogrid layers were laid out with u/B¼h/B¼0.333.
The tensile modulus of the geogrid reinforcement at 2% strain
is 182 kN/m. A detailed comparison between the results of the
model tests and the predicted values from the proposed model
is presented in Fig. 7. The ﬁgure shows that the BCR values
predicted by the proposed model with a reinforcement
inclination angle of ξr51 are in good agreement with the
test results at a relatively small number of layers. At a
relatively large number of reinforcement layers, the predicted
BCR values by the proposed model, with a reinforcement
inclination angle of ξ¼201, matches very well with the
measured BCR values. This may be due to the fact that while
an increase in the number of reinforcement layers increased the
ultimate bearing capacity, a signiﬁcant increase in the asso-
ciated settlement at the ultimate load was also reported in Das
et al.’s study.5.1.4. Huang and Tatsuoka (1990)
Huang and Tatsuoka (1990) carried out a series of model
tests to evaluate the bearing capacity of reinforced sand.
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Fig. 8. Comparison of measured and estimated BCR for model tests conducted
on reinforced sand by Huang and Tatsuoka (1990).
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a width of 100 mm. The foundation soil consisted of Toyoura
sand having an in-place dry unit weight of 15.40–15.54 kN/m3
and a friction angle of 48.4–50.41. The reinforcement consisted
of phosphor bronze strips with a width of 3 mm and a
thickness of 0.5 mm. The elastic modulus and the strength of
the phosphor bronze strips were 122 GPa and 350 kN,
respectively. The reinforcement layers were laid out with u/
B¼h/B¼0.3. Twenty-four strips of phosphor bronze were
uniformly distributed within 400 mm for each layer. The
resulting tensile modulus of the reinforcement was
10,980 kN/m, which is signiﬁcantly higher than the tensile
modulus range of geosynthetic products. As indicated in
the contours of the maximum shear strain in their study, the
punching shear failure occurred all the way through the
reinforced zone (i.e., DP¼d). Therefore, Eq. (14) with Dp¼d
is used here to estimate the bearing capacity of the strip
footings on reinforced sand. The tensile force in the reinforce-
ment was back-calculated based on the ﬁgure with the
“increase in bearing capacity by reinforcing plotted against n
(Group-c)” in Huang and Tatsuoka’s study. It should be
pointed out here that the bearing capacity of the unreinforced
sand, estimated using the measured peak friction angle of
49.41, was signiﬁcantly larger than the measured bearing
capacity. Huang and Tatsuoka (1990) also acknowledged this
large discrepancy in their own paper. They attributed this large
discrepancy to the possible overestimation of ϕ, because the
value of ϕ in their study was determined at β¼901 (β is the
angle between the σ1 direction and the bedding plane), while in
the ground, angle β changes along potential failure planes. As
such, the friction angle back-calculated from the measured
bearing capacity of the unreinforced section, instead of the
friction angle reported by Huang and Tatsuoka (1990), was
used in this study. This back-calculated friction angle is 40.11.
The results of the comparison are presented in Fig. 8. The
ﬁgure shows that the proposed model underestimates the
measured values, with a maximum error of less than 15%
for the horizontal reinforcement (i.e., α¼01) and 9% for the
reinforcement inclination angle α¼201, which can be con-
sidered accurate enough for most practical applications. The
relatively large difference between the predicted and the
measured BCR values for the work of Huang and Tatsuoka
(1990) may be due to the variation in soil properties among the
different test sections. As reported in their study, the measured
friction angle among different test sections varied up to 21
(from 48.41 to 50.41). Since back-calculating the friction angle
of sand in the reinforced sections is not possible, the back-
calculated friction angle of sand in the unreinforced section
was used in this veriﬁcation for both unreinforced and
reinforced sections.
5.2. Reinforced clay
5.2.1. Saki and Das (1987)
Sakti and Das (1987) conducted an experimental study on
the geotextile reinforced clayey soil foundation. A 76.2-mm-
wide strip footing was used in the tests. The foundation soilconsisted of clay having liquid and plastic limits equal to 35%
and 24%, respectively. All the model tests were conducted on
moist clay with an average moisture content of 25.1%, a wet
unit weight (γ) of 20.13 kN/m3, and an undrained shear strength
of 22.5 kN/m2. The geotextile layers were laid out with
u/B¼h/B¼0.333. The tensile modulus of the geotextile
(nonwoven) reinforcement is 10.5 kN/m. The results of the
comparison are presented in Fig. 9. The ﬁgure indicates that
the predicted values of the proposed model with reinforcement
inclination angle α¼201 matches better with the measured
BCR values than those with horizontal or slightly inclined
reinforcement. The maximum error is less than 5.5%.5.2.2. Das et al. (1994)
Das et al. (1994) also conducted a series of model tests to
evaluate the bearing capacity of geogrid reinforced saturated
clay. The model footings used in their study were strip footings
with a width of 76.2 mm. The foundation soil consisted of clay
having liquid and plastic limits equal to 44% and 24%,
respectively. The model tests were conducted at an average
moisture content of 43%, a wet unit weight (γ) of 17.4 kN/m3,
and an undrained shear strength (cu) of 3.14 kPa. The geogrid
layers were laid out with u/B¼0.4 and h/B¼0.333. The tensile
modulus of the geogrid reinforcement at 2% strain is 182 kN/m.
Fig. 10 presents a comparison of the results of the model tests
and the predicted values from the proposed model. The ﬁgure
shows that the proposed model with horizontal reinforcement
(i.e., α¼01) only slightly overestimates the measured values,
with a maximum error of less than 9.1%. However, with
reinforcement inclination angle α¼51, the proposed model
signiﬁcantly overestimates the measured values. This may be
due to the fact that the model tests were conducted at an
average moisture content of 43%, which was close to the liquid
limit of the soil (44%), and soil behaved as a liquid material
and ﬂowed from one side of the georgrid to the other through
the opening of the geogrid reinforcement. Geogrid reinforce-
ment is, therefore, believed to be closer to the horizontal
direction in this case. The slight overestimation of the
measured values with horizontal reinforcement maybe also
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Fig. 10. Comparison of measured and estimated BCR for model tests
conducted on reinforced clay by Das et al. (1994).
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Fig. 9. Comparison of measured and estimated BCR for model tests conducted
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state, which makes the conﬁning effect of the geogrid less
effective.
6. Discussions
The determination of the depth of the punching shear failure
(DP) is crucial to this analysis. The value of DP is related to the
relative strength of reinforced soil and unreinforced soil. The
results of the laboratory model tests conducted by Chen et al.
(2007), showed that the strength of reinforced soil mainly
depends on the stiffness of the reinforcement; the “deep
footing” effect (i.e., DP¼d) can be formed if the stiffness of
the reinforcement is high enough. As such, it is necessary to
determine how the stiffness of the reinforcement affects the
behavior of RSFs. The concept of a reinforced ratio (Rr) was
therefore introduced by Chen et al. (2009) to help quantify this
effect. The reinforced ratio is deﬁned as follows:
Rr ¼
ERAR
ESAS
ð29Þwhere ER is the elastic modulus of the reinforcement¼J/tR, J is
the tensile modulus of the reinforcement, AR is the area of
reinforcement per unit width¼NtR 1, tR is the thickness of
the reinforcement, N is the number of reinforcement layers, Es
is the modulus of elasticity of the soil, As is the area of
reinforced soil per unit width¼d 1, and d is the total depth
of reinforcement ¼uþ (N1)h. For footing that sits on
homogeneous soil, the depth of the punching shear failure
(DP) should be directly related to the reinforced ratio (Rr).
This is in agreement with the contours of maximum shear
strain reported in Takemura et al.’s (1992) study, which
showed the smaller the vertical spacing of reinforcement, the
deeper the sheared zone. There should be a threshold value of
reinforced ratio capable of forming the “deep footing” effect
(i.e., DP¼d). A threshold value for the reinforced ratio,
below which the failure would be in the reinforced zone
(i.e., DP¼0), should also exist. These values for Rr could be
different for different soil types; and thus, further investigation
is needed.
The reinforced ratios were estimated for the reinforced sand
studied by Binquet and Lee (1975a), Khing et al. (1993), Das
et al. (1994), and Huang and Tatsuoka (1990) and the values
were 14.7 MPa/Es, 7.2 MPa/Es, 7.2 MPa/Es, and 366 MPa/Es,
respectively. Since the ultimate bearing capacity of unrein-
forced sand and the settlement at failure were very similar in
these studies, the elasticity modulus of sand (Es) should not
vary signiﬁcantly. As indicated earlier, the punching of the
shear failure through the reinforced zone occurred in Huang
and Tatsuoka’s study, in which the reinforced ratio was much
higher than that of other studies reviewed (i.e., Binquet and
Lee, 1975a; Das et al., 1994; Khing et al., 1993), where failure
occurred within the reinforced zone. This sheds some light on
how the reinforced ratio affects the punching shear failure
depth (Dp) of reinforced sand.
Chen (2007) conducted a series of model tests to evaluate
the bearing capacity of square footings on geogrid reinforced
clay and recommended that the reinforced ratio (Rr) be greater
than 2.0 MPa/Es for the silty clay tested in his study to develop
the “deep footing” effect (i.e., punching failure through the
reinforced zone).
In engineering practice, it is recommended that the top layer
spacing (u) and the vertical spacing (h) of the geosynthetic
reinforcement be kept between 0.2B and 0.4B, the total depth
of the geosynthetic reinforcement (d) be kept between 1.4B
and 1.6B, and the length of the geosynthetic reinforcement (l)
be kept between 4B and 6B. With this recommended geosyn-
thetic reinforcement layout, it is most probable that failure will
occur within the reinforced zone for sand (i.e., Eq. (14) with
DP¼0 can be used for the design of reinforced sandy soil
foundation) and that punching shear failure through the
reinforced zone will occur in clay (i.e., Eq. (14) with DP¼d
can be used for the design of reinforced clayey soil founda-
tion). Meanwhile, based on the discussion of the literature
test results presented in VERIFICATION OF EXAMPLES,
assuming horizontal reinforcement at failure (i.e., α¼ξ¼0)
should provide sufﬁcient accuracy for most practical
applications.
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punching shear failure depth (Dp) for different types of soil,
however, a comprehensive numerical parametric study needs
to be performed. This can be done by varying the soil
properties (e.g., Es, c, and ϕ) and the reinforcement conﬁg-
uration/properties (e.g., u, h, d, l, and J) in the numerical
simulation. Design charts can then be developed to assist
engineers in estimating the depth of the punching shear failure
(Dp).7. Conclusions
A general failure mode for RSFs was proposed in this study
based on previous studies conducted by the authors and the test
results from the literature study. The limit equilibrium stability
analysis, considering both the conﬁnement effect and the
membrane effect of the reinforcements, was conducted on
the proposed failure mechanism of RSFs. A new uniﬁed
bearing capacity formula, that incorporated the contribution
of reinforcements to the increase in the ultimate bearing
capacity, was then developed for RSFs. The estimated ultimate
bearing capacity using the proposed model was compared with
the results of model tests reported in the literature by different
researchers for strip footings on both reinforced sand and clay.
The proposed analytical model gave a good prediction of the
experimental results reported in the literature.
The literature study indicated that the depth of the punching
shear failure (DP) zone depends on the relative strength of the
reinforced soil layer and the underlying unreinforced soil layer.
The reinforced ratio (Rr) can be used to determine the depth of
the punching shear failure zone (DP). There should be a
threshold value for the reinforced ratio (Rr) capable of forming
the “deep footing” effect. A threshold value for the reinforced
ratio, below which the failure would be in the reinforced zone
(i.e., DP¼0), should also exist.References
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